We report an investigation of the electrical and material characteristics of Ni on an n-type GeSn film under thermal annealing. The current-voltage traces measured with the transmission line method are linear for a wide range of annealing temperatures. The specific contact resistivity was found to decrease with increasing annealing temperature, followed by an increase as the annealing temperature further increased, with a minimum value at an annealing temperature of 350 C. The material characteristics at the interface layer were measured by energy-dispersive spectrometer, showing that an atomic ratio of (Ni)/(GeSn) ¼ 1:1 yields the lowest specific contact resistivity. The group IV elements Si and Ge are widely used for various devices. In a recent development, another group IV element, Sn, is employed in the growth of group IV materials. The incorporation of Sn changes the physical properties of the host material such as the energy band. 1, 2 This leads to the demonstration of: (a) optical devices, such as GeSnbased light-emitting diodes with room temperature direct emission, 3, 4 and (b) electrical devices, such as metal-oxidesemiconductor field-effect transistor with carrier mobility higher than conventional Ge devices. 5, 6 For both types of devices, electrical Ohmic contact is required for achieving the highest performance. Also, GeSn alloy has been proposed as an active material for laser diodes. 7, 8 Here, we report an investigation of the current-voltage (I-V) characteristics measured with the transmission line method (TLM) of Ni on n-type GeSn film. The results show that the I-V characteristics are linear for a wide range of annealing temperatures. The contact resistivity was found to decrease with increasing annealing temperature, followed by an increase as the annealing temperature further increased, with a minimum value at 350
C. This observation is attributed to the material characteristics of the interfacial layer of Ni/n-type GeSn formed during the annealing. The composition of the interfacial layer is probed by X-ray energy-dispersive Spectrometer (EDS), and the result shows that an atomic ratio of Ni/(GeSn) ¼ 1:1 yields the lowest contact resistivity. The present investigation determines the optimized annealing temperature for making an electrical Ohmic contact for this material system, which is required for achieving highperformance devices.
Samples were grown on N-type (001) Si substrates by solid-source molecular beam epitaxy (MBE) at a base pressure of 5 Â 10 À10 Torr. Si and Ge were deposited by a dual E-gun system, and Sn was evaporated using an effusion cell equipped with dual heating filaments placed at the bottom and the orifice at the top of the crucible. Prior to loading in the growth chamber, Si wafers were cleaned using the standard cleaning process. To remove the native oxide layer on the surface, in situ thermal annealing at 900 C, under a low Si flux, was employed for duration of 5 min, until a sharp 2 Â 1 reflection high-energy electron diffraction (RHEED) pattern was observed. The sample consists of (a) a 100-nm un-doped Si layer grown at 700 C, (b) a 100-nm un-doped Si layer grown at a low temperature of 350 C, (c) a 100-nm un-doped Ge layer grown at 350 C, follow by an 800 C annealing, (d) a 100-nm un-doped Ge layer grown at 500 C, and (e) a 180-nm n-type GeSn layer doped with antimony (Sb) grown at a low temperature of 150 C. The growth of different layers was controlled using a shutter placed in front of the sources. Layers (c) and (d) serve as Ge virtual substrates (VS) for the subsequent growth of layers (e). The GeSn layer was grown at a temperature below the melting point of Sn to suppress surface segregation. 9 The doping concentration of the layer was characterized by four-point Hall measurement, and the carrier concentration was found to be 2 Â 10 18 cm
À3
. The sample was annealed at temperatures between 250 and 400 C for 30 s using rapid thermal annealing (RTA). Higher annealing temperatures are not employed, as GeSn layer begins to relax in the film at T > 400 C. 10 Different experimental techniques were employed to characterize the samples. High-resolution X-ray diffraction in both (004) x-2h scanning and (224) reciprocal space mapping (RSM) was performed, by which lattice constant in the growth direction (a ? ) and perpendicular to the growth direction (a k ) can be calculated. 10 Cross-sectional transmission electron microscopy (XTEM) was conducted to investigate the microstructure of the film. EDS measurements (Model X-Max, Oxford Instrument) with a spot size of 1 nm were performed to determine the presence of different elements at the Ni/n-type GeSn interface. For the electrical measurement, nickel (Ni) was used for the contact, as it has a relatively low resistance among the commonly used transition metals on germanium. 11 A layer of 30 nm Ni was deposited using an e-beam evaporator. The TLM was used for the I-V measurement. Five rectangular parallel metal pads were fabricated by standard processing techniques with dimensions a)
Author to whom correspondence should be addressed. Electronic mail: hhcheng@ntu.edu.tw. First, we present the results of X-ray measurement. The spectra of both the (004) reflection and (224) RSM around the Ge peak of the sample without annealing are plotted in Fig. 1 . Two features are clearly resolved, associated with the relaxed Ge buffer layer and the GeSn epilayer. In the (004) scanning as shown in Fig. 1(a) , the peak position of GeSn sits at lower angle than the Ge peak owing to a larger lattice constant in growth direction. In the (224) RSM as shown in Fig. 1(b) , the position of the GeSn is located at the same Q x ( ffiffi ffi 8 p =a k ) with Ge, as marked by the vertical dashed line. This indicates that the GeSn layer is coherently strained. From an analysis, a ? and a k can be found. Knowing these values, the strain of the layer is calculated and the results show that the layer is fully strained. The Sn composition of the layer, in comparison with the composition-dependent lattice constant of GeSn alloy, is found to be 4.9%. Upon annealing below 400 C, the peak position of the GeSn remains unchanged for all samples; therefore, the strain and composition of the GeSn layer are unaffected by the thermal process. We would like to point out that, although the two physical characteristics of the GeSn layer remain unchanged for all samples, the defect density is different. As estimated from the full width at half maximum (FWHM) of rocking curve, 12 the defect density increases with increasing annealing temperatures from 1 Â 10 8 cm À2 to 1.4 Â 10 8 cm
0003-

À2
. Next, we consider the microstructure of the film. For the as-grown sample, threading dislocations are not observed in the GeSn layer but trapped in the Ge VS. In the case where annealing is done, dislocations are also not seen; the typical XTEM image (for a sample annealed at 400 C) is depicted in Figure 2 (a). With annealing, however, a thin layer is observed at the Ni/GeSn interface, as marked by the doted circle. The thickness of this interfacial layer is $4 nm, as measured by the high-resolution XTEM, as plotted in Figure  2 (b). This layer is formed during the thermal annealing and is attributed to the alloying effect.
The I-V trace of the sample annealed at 350 C is plotted in Fig. 3(a) . It shows a linear dependence on gap spacing which is the characteristic of Ohmic contact. The resistance increases linearly with increasing contact spacing, which can be attributed to the increase in the bulk resistance. Similar linear behavior is also observed for the other samples, but with different resistances. The measured resistance (R m ) is a sum of the intrinsic bulk resistance ðR b Þ and contact resist-
In terms of sheet resistance (R S ), to a good approximation, the measured resistance can be written as follows:
where W is the width of the metallic contact and L T ¼ ffiffiffiffiffiffiffiffiffiffiffiffi ffi q C =R S p is the transfer length. q C is the specific contact resistivity, which, to a good approximation, %R C L T W. Using the physical parameters of the metal contact described above and the measured R m with different gap spacings, q C can be found. The specific contact resistivity for samples annealed at different temperatures is plotted in Figure 3 (b). It shows that q C decreases with increasing annealing temperature, reaching a minimum of 6.4 6 1.5 Â 10 À4 XÁcm 2 at 350 C, followed by an increase with further increases in temperature.
In the electrical characteristic described above, the I-V traces are linear for all samples, but with different resistances. The difference is caused by the material characteristics of the interfacial layer. EDS measurements were performed at ten various locations to probe the composition of the interfacial layer. Taking the average value from these measured points, the results are categorized into two regions: (a) for samples annealed below 350 C, the atomic ratio of Ni/(Ge 0.955 Sn 0.045 ) is larger than 1 (for example, the sample annealed at 300 C, the ratio is $1.55), while (b) the atomic ratio is close to 1:1 for samples annealed at or above 350
C. This revealed that, the Ni mono-stanogermanide phase of the interfacial layer gives the lowest q C .
14 With increasing annealing temperatures, although the material characteristics of the interfacial layer remain unchanged, nevertheless, q C becomes larger. This is attributed to the increase of defect density in the GeSn layer, which leads to degradation of the crystal quality of the interfacial layer, resulting in an increase in the specific contact resistivity.
In summary, the electrical characteristics of contact resistivity and the material characteristics of Ni on n-type GeSn were investigated. By analyzing the I-V curve measured with the transmission line method, q C is found to be the lowest for samples annealed at 350 C associated with the material characteristics of the interfacial layer formed during annealing. In establishing the optimized specific contact resistivity, we would like to point out that, as q C is inversely proportional to the Schottky barrier width, 15 we expect that the value could be reduced by increasing the doping level in the GeSn layer.
